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(57) ABSTRACT

A tri-level converter provides three levels of power supply
to a power amplifier that includes a supply path. The supply
path has a first transistor and a first inherent body diode
assoclated with the first transistor, as well as a second
transistor and a second 1nherent body diode associated with
the second transistor. A polarity of the second body diode 1s
reversed relative to a polarity of the first body diode. A first
driver 1s configured to drive the first transistor and the first
inherent body diode to control a power supply, including a
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battery supply signal, to an output of the tri-level converter.
The tri-level converter 1s coupled to a switching node.

19 Claims, 9 Drawing Sheets
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START

SWITCH A FIRST TRANSISTOR-DIODE PAIR IN A BATTERY 602
SUPPLY PATH OF A TRI-LEVEL CONVERTER WHILE MAINTAINING
AN ON-STATE OF A SECOND TRANSISTOR-DIODE PAIR IN THE
BATTERY SUPPLY PATH IN ACCORDANCE WITH A LOW-SIDE
SWITCHING SCHEME TO GENERATE AN OUTPUT POWER
SUPPLY OF THE TRI-LEVEL CONVERTER BETWEEN GROUND
AND A BATTERY SUPPLY SIGNAL

SWITCH THE SECOND TRANSISTOR-DIODE PAIR WHILE 604
MAINTAINING AN ON-STATE OF THE FIRST TRANSISTOR-DIODE
PAIR IN ACCORDANCE WITH A HIGH-SIDE SWITCHING SCHEME
TO GENERATE AN OUTPUT POWER SUPPLY OF THE TRI-LEVEL
CONVERTER BETWEEN A BOOSTED POWER SUPPLY SIGNAL
AND THE BATTERY SUPPLY SIGNAL

A POLARITY OF A SECOND DIODE OF THE SECOND TRANSISTOR-

DIODE PAIR IS REVERSED RELATIVE TO A POLARITY OF A FIRST
DIODE OF THE FIRST TRANSISTOR-DIODE PAIR

FIG. 8
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MULITI-LEVEL POWER SUPPLY
ARCHITECTURE FOR RADIO FREQUENCY
POWER AMPLIFIERS

TECHNICAL FIELD

The present disclosure generally relates to a power supply
architecture. More specifically, the present disclosure relates
to multi-level power supply architectures for radio ire-
quency power amplifiers.

BACKGROUND

Wireless communications devices include a power ampli-
fier (PA) to provide transmit power for an output radio
frequency (RF) signal. The wireless or mobile communica-
tions devices include the power amplifier to amplily an input
RF signal to a desired level for transmission, which may
depend on how far the user 1s away from a base station. Next
generation wireless systems use a wideband technology that
allows for simultaneously transmitting multiple transmuit
signals, corresponding to different baseband signals, to one
or more base stations over multiple channels. Some mobile
communications devices specily transmitting the multiple
transmit signals using a single power amplifier.

Because power amplification consumes power, tech-
niques to improve the efliciency of power amplifiers may be
implemented 1n wireless communications devices 1n order to
prolong operation on a battery charge. Such techniques may
include adjusting the power supplied to the power amplifier
so that the applied power tracks the amount of power 1n the
transmit signal. Adjusting the applied power based on the
transmit signal 1s referred to generally as “envelope track-
ing”” and there are different modes of envelope tracking that
can be implemented.

Radio frequency transmitters often implement envelope
tracking (E'T) power systems to improve efliciency of power
amplifiers. These E'T power systems include highly eflicient
switch-mode power supplies (SMPS) or switching DC-DC
converters that provide power to the power amplifiers. ET
power systems modulate a power supply to the radio fre-
quency power amplifier.

SUMMARY

A tri-level converter includes a first supply path coupled
to a first supply. The first supply path 1s configured to receive
a first supply signal. The first supply path includes a first
transistor having a first terminal coupled to a switching node
of the tri-level converter and a first body diode polarity with
respect to a second terminal of the first transistor. The first
supply path also includes a second transistor having a first
terminal coupled to the second terminal of the first transistor
and a second terminal coupled to the first supply of the
tri-level converter. The second transistor includes a second
body diode polarity with respect to the second terminal of
the second transistor. The second body diode polarity 1s
reversed relative to the first body diode polarity. The first
supply path also includes a first dniver configured to drive
the first transistor to control an output voltage at an output
of the tri-level converter, which 1s coupled to the switching
node.

A method controls back-to-back transistor-diode pairs 1n
a battery supply path of a tri-level converter of an envelope
tracking system. The method includes switching a first
transistor-diode pair 1n the battery supply path while main-
taining an on-state of a second transistor-diode pair in the
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battery supply path 1n accordance with a low-side switching
scheme to generate an output power supply of the tri-level
converter between ground and a battery supply signal. The
method also includes switching the second transistor-diode
pair while maintaining an on-state of the first transistor-
diode pair 1n accordance with a high-side switching scheme
to generate an output power supply of the tri-level converter
between a boosted power supply signal and the battery
supply signal. A polarity of a second body diode of the
second transistor-diode pair 1s reversed relative to a polarity
of a first body diode of the first transistor-diode patr.

A tri-level converter includes a first supply path coupled
to a first supply. The first supply path 1s configured to receive
a first supply signal. The first supply path includes a first
transistor having a first terminal coupled to a switching node
of the tri-level converter and a first body diode polarity with
respect to a second terminal of the first transistor. The first
supply path also includes a second transistor having a first
terminal coupled to the second terminal of the first transistor
and a second terminal coupled to the first supply of the
tri-level converter. The second transistor includes a second
body diode polarity with respect to the second terminal of
the second transistor. The second body diode polarity 1s
reversed relative to the first body diode polarity. The first
supply path includes means for driving the first transistor to
control an output voltage at an output of the tri-level
converter, which 1s coupled to the switching node.

This has outlined, rather broadly, the features and tech-
nical advantages of the present disclosure 1n order that the
detailed description that follows may be better understood.
Additional features and advantages of the present disclosure
will be described below. It should be appreciated by those
skilled 1n the art that this present disclosure may be readily
utilized as a basis for moditying or designing other struc-
tures for carrying out the same purposes of the present
disclosure. It should also be realized by those skilled 1n the
art that such equivalent constructions do not depart from the
teachings of the present disclosure as set forth i the
appended claims. The novel features, which are believed to
be characteristic of the present disclosure, both as to its
organization and method of operation, together with further
objects and advantages, will be better understood from the
following description when considered 1n connection with
the accompanying figures. It 1s to be expressly understood,
however, that each of the figures 1s provided for the purpose

of illustration and description only and 1s not intended as a
definition of the limits of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclo-
sure, reference 1s now made to the following description
taken 1n conjunction with the accompanying drawings.

FIG. 1 shows a wireless device communicating with a
wireless communications system.

FIG. 2 shows a block diagram of the wireless device 1n
FIG. 1, according to an aspect of the present disclosure.

FIG. 3 illustrates a power tracking mechanism for a radio
frequency power amplifier.

FIG. 4 1llustrates a power stage of a tri-level converter for
a power amplifier, according to aspects of the present
disclosure.

FIG. 35 illustrates a driver architecture for back-to-back
transistors 1n a battery voltage supply path, according to
aspects of the present disclosure.
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FIG. 6 1llustrates another power stage of another tri-level
converter for a power amplifier, according to aspects of the
present disclosure.

FIG. 7 illustrates another driver architecture for back-to-
back transistors and corresponding back-to-back diodes 1n a
battery voltage supply path of the tri-level converter, accord-
ing to aspects of the present disclosure.

FIG. 8 depicts a simplified flowchart of a method of
wireless communications according

FI1G. 9 15 a block diagram showing an exemplary wireless
communications system i1n which a configuration of the
disclosure may be advantageously employed.

DETAILED DESCRIPTION

The detailed description set forth below, 1n connection
with the appended drawings, 1s intended as a description of
various configurations and 1s not intended to represent the
only configurations 1n which the concepts described herein
may be practiced. The detailed description includes specific
details for the purpose of providing a thorough understand-
ing ol the various concepts. However, 1t will be apparent to
those skilled 1n the art that these concepts may be practiced
without these specific details. In some instances, well-
known structures and components are shown 1n block dia-
gram form in order to avoid obscuring such concepts. As
described herein, the use of the term “and/or” 1s intended to
represent an “inclusive OR”, and the use of the term “or” 1s
intended to represent an “exclusive OR”.

A wireless communications device, such as a user equip-
ment (UE), may include transmit chains that are composed
of multiple radio frequency (RF) transmitters, multiple
power amplifiers, multiple antennas, and one or more front
end (FE) devices through which signals are transmitted from
the UE. The transmit chains of the UE, however, may
include a class of power amplifiers that are designed for
meeting a power level specified for a current device gen-
eration.

The UE may be referred to by those skilled in the art as
a mobile station (MS), a subscriber station, a mobile unit, a
subscriber unit, a wireless unit, a remote unit, a mobile
device, a wireless device, a wireless communications
device, a remote device, a mobile subscriber station, an
access terminal (AT), a mobile terminal, a wireless terminal,
a remote terminal, a handset, a terminal, a user agent, a
mobile client, a client, or some other suitable terminology.

A power amplifier may include an input port coupled to an
envelope tracking supply to recerve an adjusted power
supply from the envelope tracking supply. The envelope
tracking supply may be coupled between a first baseband
processor (e.g., modem) and the power amplifier. With
envelope tracking, the RF signal from a power supply
voltage applied to the power amplifier through the envelope
tracking supply 1s continuously adjusted based on an enve-
lope signal from the first baseband processor to ensure that
the amplifier 1s operating at peak efliciency for power
speciflied at each instance of transmission.

Aspects of the present disclosure are directed to an
envelope tracking system or chip that performs envelope
tracking for a power amplifier. For example, the envelope
tracking system supplies power to the power amplifier (e.g.,
radio frequency power amplifier) based on an envelope of a
radio frequency signal. To improve efliciency, a power
supply signal from a power source to the power amplifier 1s
specified higher than a battery power supply signal (e.g.,
battery voltage Vbat) supplied from a battery. To achieve the
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4

higher power supply, an auxiliary power Vaux 1s specified.
The auxiliary power Vaux may be a boosted power supply
signal from the battery.

The envelope tracking system may include a multi-level
(e.g., tri-level) converter architecture. The tri-level converter
switches between three levels or states (e.g., Vaux, Vbat, and
ground), rather than from only two levels (e.g., a high supply
to ground), which can result in an improvement of efliciency
when using the tri-level converter and therefore may be
better for use 1 an envelope tracking system.

The tri-level converter includes a power stage that 1s more
reliable than conventional tri-level converters. For example,
conventional tri-level converters are subject to high induc-
tance associated with their out-of-chip decoupling capacitor.
Other conventional tri-level converters have no direct path
from a battery. Accordingly, a supply voltage for the con-
ventional tri-level converter has to be at a boost level all of
the time, which can cause a loss 1n efliciency.

In one aspect of the present disclosure, a power stage of
the tri-level converter provides the three levels of power
supply to the power amplifier. The first level 1s the boosted
power supply signal (e.g., voltage) from an auxiliary power
supply source, the second level 1s the battery power supply
signal (e.g., battery voltage) from a battery, and the third
level 1s a ground signal from a ground. The power stage
includes a direct path from a battery (e.g., battery power
supply path) and a direct path from a boosted/auxiliary
power supply (e.g., boosted power supply path). The battery
power supply path includes back-to-back diode circuitry.
For example, the battery power supply path includes a first
transistor (e.g., a first power field eflect transistor) and its
corresponding first body diode and a second transistor and
its corresponding second body diode. For example, the first
body diode 1s an inherent body diode associated with the first
transistor and the second body diode 1s an inherent body
diode associated with the second transistor. The first tran-
sistor and 1ts corresponding first body diode 1s 1n series with
the second transistor and its corresponding second body. The
first body diode and the second body diode form the back-
back-diodes circuitry. For example, the first transistor and
the first body diode include a second terminal coupled to the
battery and a first terminal coupled to a first terminal of the
second transistor (e.g., a second power field eflect transistor)
and a first terminal of the second body diode.

The second transistor and the second diode include a
second terminal coupled to a switch node (e.g., a voltage
switch node) of the power stage of the tri-level converter. A
polarity of the second body diode 1s reversed relative to a
polarity of the first body diode. The first body diode and the
second body diode are configured to protect against reverse
polarity based on whether the switch node 1s switching from
ground signal to the battery power supply signal or from the
battery power supply signal to the boosted power supply
signal. Thus, the first body diode and the second body diode
prevent conduction through the first transistor and the sec-
ond transistor when the voltage switch node 1s connected to
ground and/or the auxihiary power supply source. For
example, when the switching node 1s at ground level, the
first body diode (or upper diode) 1s reverse biased, thereby
preventing power to flow from the battery to the voltage
switch node (or switching node). When the voltage switch
node 1s at a boosted level, then the second body diode (or
lower diode) 1s reverse biased, thereby preventing power to
flow from the boosted supply to the battery.

In one aspect of the disclosure, the first transistor 1s an
N-type metal oxide semiconductor (NMOS) field effect
transistor (NFE'T) and the second transistor 1s a P-type metal
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oxide semiconductor (PMOS) field eflect transistor (PFET).
Aspects of the present disclosure improve area efliciency by
using a smaller NFET for the first transistor.

When the first transistor 1s an NFET, a first terminal of the
first body diode 1s coupled to a source of the first transistor
and a second terminal of the first body diode 1s coupled to
a drain of the first transistor. When the second transistor 1s
a PFET, a first terminal of a second body diode 1s coupled
to a drain of the second transistor and the second terminal of
the second body diode 1s coupled to a source of the second
body diode. Accordingly, the drain of the second transistor
1s coupled to the source of the first transistor. A gate of the
first transistor 1s driven by a first gate driver and a gate of the
second transistor 1s driven by a second gate driver that 1s
separate from the first gate driver.

The power stage of the tri-level converter turther includes
a high-side switch region 1n an auxiliary/boosted power
supply path and a low-side switch region coupled to ground.
The direct path from the auxiliary power supply source (e.g.,
a boosted power supply path) extends to the high-side switch
region. The high-side switch region includes a high-side
switch/transistor and a first cascode transistor. The high-side
transistor includes a first terminal coupled to an auxiliary
power supply and a second terminal coupled to a first
terminal of the first cascode transistor. The first cascode
transistor includes a second terminal coupled to a switch
node. The first cascode transistor provides protection against
high voltage (e.g., up to eight volts) from the auxiliary
power supply source. For example, a voltage swing in the
boosted power supply path can be up to eight volts. A gate
of the high-side transistor 1s driven by a third gate driver.

The low-side switch region includes a low-side switch/
transistor and a second cascode transistor. The low-side
transistor includes a first terminal coupled to ground and a
second terminal coupled to a first terminal of the second
cascode transistor. The second cascode transistor includes a
second terminal coupled to a switch node. The second
cascode transistor provides protection against high voltage
at the switch node. A gate of the low-side transistor 1s driven
by a fourth gate driver. In one aspect of the disclosure, the
high-side transistor and the first cascode transistor are
PFETs and the low-side transistor and the second cascode
transistor are NFETs. For example, when the PFET transis-
tors are turned on, a high voltage (supply) can be passed with
mimmal voltage drop. When the NFET transistors are turned
on, a low voltage (ground) can be passed with minimal
voltage drop.

The power stage of the tri-level converter further includes
decoupling capacitors. For example, in a printed circuit
board (PCB) placement, a first decoupling capacitor 1s
between an auxiliary voltage supply node and a battery
supply node while a second decoupling capacitor 1s between
the battery supply node and ground. In some 1mplementa-
tions, however, a single or multiple decoupling capacitors
(e.g., the first decoupling capacitor and/or the second decou-
pling capacitor) and the single or multiple decoupling
capacitors are connected directly to ground instead of the
previous configuration. The actual capacitance value of a
capacitor gets de-rated with voltage. For example, as voltage
across the capacitor increases, the actual capacitance value
decreases. When an actual capacitance value of one micro-
tarad (1 ui) 1s desirable, a 5 uf capacitor 1s specified, and this
trend worsens as the voltage increase. Therefore, 1n the
configuration where the decoupling capacitors are directly
connected to ground, a much bigger capacitor 1s specified to
deliver the same amount of capacitance. But 1 the configu-
ration where the first decoupling capacitor 1s between an
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auxiliary voltage supply node and a battery supply node, the
voltage across the first decoupling capacitor (Vaux—Vbatt) 1s
a much smaller voltage thereby improving the capacitor
de-rating eflect. Moreover, 1n the configuration where the
first decoupling capacitor 1s between an auxiliary voltage
supply node and a battery supply node, during high side
switching, a transient current (e.g., high frequency part of
the current) 1s supplied by a decoupling capacitor (e.g., the
first decoupling capacitor). This transient current supply
from the first decoupling capacitor is eflicient and reduces
di/dt voltage spikes (which i1s undesirable for noise perfor-
mance and for reliability).

Activating the switches or transistors of the power stage
of the tri-level converter controls a switching power supply
(e.g., voltage) at an output of the tri-level converter, and thus
current to flow from the battery voltage source, the auxihary
voltage source or ground into an inductor. This current 1s
then provided to the power amplifier.

Aspects of the present disclosure are also directed to a
method of controlling the transistors (e.g., the first transistor
and the second transistor) in the battery power supply path
during switching of a voltage at the voltage switch node. The
first transistor and the second transistor may be controlled
through the first gate driver and the second gate driver. For
example, the first transistor (e.g., NFET transistor) 1s switch-
ing and the second ftransistor (e.g., PFET transistor) 1is
configured as a cascode transistor when the voltage switch
node switches between an auxiliary voltage and a battery
voltage. In this configuration, the second transistor (e.g.,
PFET transistor) 1s always on to allow the switching
between the auxiliary voltage and the battery voltage.

However, the second transistor (e.g., PFET transistor) 1s
switching and the first transistor (e.g., NFET ftransistor) 1s
configured as a cascode transistor when the voltage switch
node switches from the battery voltage to ground. In this
configuration, the first transistor 1s always on to allow the
switching between the battery voltage and ground.

Some aspects of the present disclosure are directed to
reliably driving the first transistor and/or the second tran-
sistor. For example, the first gate driver or the second gate
driver 1s configured to reliably drive the first transistor or the
second transistor when the voltage switch node transitions
from ground (e.g., zero volts) to a high voltage (e.g., 7.7-8
volts). The first gate driver or the second gate drniver 1s
configured to ensure full rated gate-to-source voltage across
the corresponding power FET (e.g., the first transistor or the
second transistor) and a corresponding minimum on resis-
tance.

A gate driver (e.g., the first gate driver) of the power stage
of the tri-level converter includes a bottom rail connection
and a reconfigurable top rail connection. The top rail con-
nection 1s reconfigured using regulators (e.g., two class AB
regulators) and a flying level shifter. The bottom rail con-
nection of the first gate driver 1s coupled or connected to a
node between the first transistor and the second transistor.
The node between the first and second transistors switches
between ground and the battery voltage regardless of a state
of the tri-level converter.

The top rail connection switches between a sum of a
ground signal and an internal signal (e.g., a predefined
voltage) or a sum of the battery voltage and the predefined
voltage. The predefined voltage 1s a design parameter (e.g.,
a constant 2.5 volts) to ensure that a power transistor (e.g.,
the first transistor and/or the second transistor) of the power
stage of the tri-level converter has a full gate-to-source
rating to achieve improved ethiciency. For example, the
predefined voltage 1s designed to achieve an on resistance of
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the power transistor that 1s low enough while avoiding a high
voltage at the power transistor that causes the transistor to
burn out or become unreliable.

The sum of the ground voltage and the predefined voltage,
and the sum of the battery voltage and the predefined
voltage, are selectively provided to the top rail connection
from a first internal regulator and a second internal regulator.
For example, the selection of the first internal regulator to
provide the sum of the ground voltage and the predefined
voltage may be performed using a control device and a
switch. Similarly, the selection of the second internal regu-
lator to provide the sum of the battery voltage and the
predefined voltage may be performed with the control
device and another switch.

When the voltage switch node switches between the
auxiliary voltage Vaux and the battery voltage Vbat, the sum
of the battery voltage and the predefined voltage (Vbat+
Vint) 1s provided to the top rail connection from a first
internal regulator. This way, the first transistor (e.g., NFET
transistor) can be turned on. For example, to turn on the
NFET transistor, the drive signal 1s set to “logic high™ to pass
the sum of the battery voltage and the predefined voltage
(Vbat+Vint) provided to the top rail to the gate of the NFET
transistor. For example, the gate of the NFET transistor has
the voltage Vbat+Vint, and 1ts source has the voltage (Vbat)
and the gate to source voltage Vgs of the NFET transistor 1s
Vint. This configuration causes the NFET transistor with
small on resistance (Ron) to be turned on.

However, when the voltage switch node switches between
the battery voltage Vbat and ground, the top rail connection
1s switching between two voltages. For example, the sum of
the predefined voltage and ground (0+Vint) 1s selected when
the voltage switch node 1s at ground, and the sum of the
battery voltage and the predefined voltage (Vbat+Vint) 1s
selected when voltage switch node 1s at the battery voltage
Vbat. Thus, the gate to source voltage Vgs of the NFET
transistor 1s always equal to Vint, which causes the NFET
transistor to stay ON all the time (which 1s desirable 1n this
switching phase where the NFET transistor operates as
cascode transistor).

In one aspect of the disclosure, the first internal regulator
and the second internal regulator are internal to an envelope
tracking chip. The tlying level shifter causes a driving signal
to the first transistor to be level shifted to a same level as a
supply mput (e.g., rail-to-rail voltage) to an internal drniver
coupled to a gate of the first transistor.

For example, when a bottom rail voltage, which 1s a
supply 1nput to a first terminal of the internal driver, 1s zero
volts or ground, the top rail voltage, which 1s another supply
input to a second terminal of the internal driver, 1s equal to
the predefined voltage (e.g., 2.5 volts). Accordingly, the
level shifter shifts the driving signal to the rail-to-rail
voltage (e.g., 2.5-0 volts) to the internal driver. However,
when the bottom rail voltage 1s equal to the battery voltage
(e.g., 4 volts), the top rail voltage 1s equal to a sum of the
battery voltage and the predefined voltage. Thus, the level
shifter shifts the driving signal to the rail-to-rail voltage
(e.g., 442.5-4 volts). Thus, the predefined voltage 1s always
across the internal driver, which 1s the specified voltage to
cause the second transistor to be fully on so that 1t exhibits
a small on resistance when the second transistor 1s turned on,
which improves efliciency of the second transistor.

FIG. 1 shows a wireless device 110 communicating with
a wireless communications system 120. The wireless device
110 includes the multi-level (e.g., tri-level) power supply
architecture for radio frequency power amplifiers and avails
itself of the advantages of the multi-level power supply
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architecture. The wireless communications system 120 may
be a 5G system, a long term evolution (LTE) system, a code
division multiple access (CDMA) system, a global system
for mobile communications (GSM) system, a wireless local
arca network (WLAN) system, millimeter wave (mmW)
technology, or some other wireless system. A CDMA system

may implement wideband CDMA (WCDMA), time division
synchronous CDMA (TD-SCDMA), CDMA2000, or some

other version of CDMA. In a millimeter wave (mmW)

system, multiple antennas are used for beamforming (e.g., 1n
the range of 30 GHz, 60 GHz, etc.). For simplicity, FIG. 1

shows the wireless communications system 120 including
two base stations 130 and 132 and one system controller
140. In general, a wireless system may include any number
ol base stations and any number of network entities.

A wireless device 110 may be referred to as a user
equipment (UE), a mobile station, a terminal, an access
terminal, a subscriber unit, a station, etc. The wireless device
110 may also be a cellular phone, a smartphone, a tablet, a
wireless modem, a personal digital assistant (PDA), a hand-
held device, a laptop computer, a Smartbook, a netbook, a
cordless phone, a wireless local loop (WLL) station, a
Bluetooth device, etc. The wireless device 110 may be
capable of communicating with the wireless communica-
tions system 120. The wireless device 110 may also be
capable of recerving signals from broadcast stations (e.g., a
broadcast station 134), signals from satellites (e.g., a satellite
150) mn one or more global navigation satellite systems
(GNSS), etc. The wireless device 110 may support one or
more radio technologies for wireless communications such
as 5G, LTE, CDMA2000, WCDMA, TD-SCDMA, GSM,
302.11, etc.

The wireless device 110 may support carrier aggregation,
which 1s operation on multiple carriers. Carrier aggregation
may also be referred to as multi-carrier operation. According
to an aspect of the present disclosure, the wireless device
110 may be able to operate in low-band from 698 to 960
megahertz (MHz), mid-band from 1475 to 2170 MHz,
and/or high-band from 2300 to 2690 MHz, ultra-high band
from 3400 to 3800 MHz, and long-term evolution (LTE) 1n
LTE unlicensed bands (LTE-U/LAA) from 5150 MHz to
5950 MHz. Low-band, mid-band, high-band, ultra-high
band, and LTE-U refer to five groups of bands (or band
groups), with each band group including a number of
frequency bands (or simply, “bands™). For example, 1n some
systems each band may cover up to 200 MHz and may
include one or more carriers. For example, each carrier may
cover up to 40 MHz i LTE. Of course, the range for each
of the bands 1s merely exemplary and not limiting, and other

frequency ranges may be used. LTE Release 11 supports 35
bands, which are referred to as LTE/UMTS bands and are

listed 1n 3GPP TS 36.101. The wireless device 110 may be
configured with up to five carriers in one or two bands 1n
LTE Release 11.

FIG. 2 shows a block diagram of an exemplary design of
the wireless device 110 1n FIG. 1. In this exemplary design,
the wireless device 110 includes a transceiver 220 coupled
to a primary antenna 210, a transceiver 222 coupled to a
secondary antenna 212, and a data processor/controller 280.
The transcerver 220 includes multiple (K) recervers 230pa to
230pk and multiple (K) transmitters 250pa to 250pk to
support multiple frequency bands, multiple radio technolo-
gies, carrier aggregation, etc. The transceiver 222 includes L
receivers 230sa to 230s1 and L transmitters 250sa to 25051
to support multiple frequency bands, multiple radio tech-
nologies, carrier aggregation, receive diversity, multiple-
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input multiple-output (MIMO) transmission from multiple
transmit antennas to multiple receive antennas, etc.

In the exemplary design shown 1n FIG. 2, each receiver
230 includes an LNA 240 and receive circuits 242. For data
reception, the antenna 210 receives signals from base sta-
tions and/or other transmitter stations and provides a
received radio frequency (RF) signal, which 1s routed
through an antenna interface circuit 224 and presented as an
input RF signal to a selected receiver 230. An antenna
interface circuit 224 may include switches, duplexers, trans-
mit filters, recerve filters, matching circuits, etc. The descrip-
tion below assumes that the receiver 230pa 1s the selected
receiver. Within the receiver 230pa, an LNA 240pa ampli-
fies the mput RF signal and provides an output RF signal.
Receive circuits 242pa downconvert the output RF signal
from RF to baseband, amplify and filter the downconverted
signal, and provide an analog mput signal to data processor
280. Receive circuits 242pa may include mixers, filters,
amplifiers, matching circuits, an oscillator, a local oscillator
(LO) generator, a phase locked loop (PLL), etc. Each
remaining receiver 230 1n the transceivers 220 and 222 may
operate 1n a similar manner as the receiver 230pa.

In the exemplary design shown 1n FIG. 2, each transmuitter
250 includes transmit circuits 252 and a power amplifier
(PA) 254. For example, the tri-level power supply architec-
ture modulates the power supply to the power amplifier 254.
For data transmission, a data processor 280 processes (e.g.,
encodes and modulates) data to be transmitted and provides
an analog output signal to a selected transmitter. The
description below assumes that the transmitter 250pa 1s the
selected transmitter. Within the transmitter 250pa, transmait
circuits 252pa amplity, filter, and upconvert the analog
output signal from baseband to RF and provide a modulated
RF signal. The transmit circuits 252pa may include ampli-
fiers, filters, mixers, matching circuits, an oscillator, an LO
generator, a PLL, etc. A power amplifier (PA) 2354pa
receives and amplifies the modulated RF signal and provides
a transmit RF signal having the proper output power level.
The transmit RF signal 1s routed through the antenna inter-
face circuit 224 and transmitted via the antenna 210. Each
remaining transmitter 250 in the transceivers 220 and 222
may operate 1n a similar manner as the transmitter 250pa.

FIG. 2 shows an exemplary design of a receiver 230 and
transmitter 250. The receiver 230 and a transmitter 250 may
also include other circuits not shown in FIG. 2, such as
filters, matching circuits, etc. All or a portion of transceivers
220 and 222 may be implemented on one or more analog
integrated circuits (ICs), RF ICs (RFICs), mixed-signal ICs,
etc. For example, LNAs 240 and receive circuits 242 within
transceivers 220 and 222 may be implemented on multiple
ICs, as described below. The circuits 1n transceivers 220 and
222 may also be implemented in other manners.

The data processor/controller 280 may perform various
functions for the wireless device 110. For example, the data
processor 280 may perform processing for data being
received via the receivers 230 and data being transmitted via
the transmitters 250. The controller 280 may control the
operation of the various circuits within the transceivers 220
and 222. In some aspects, the transceivers 220 and 222 may
also comprise a controller to control various circuits within
the respective transceiver (e.g., LNAs 240). A memory 282
may store program codes and data for the data processor/
controller 280. The data processor/controller 280 may be
implemented on one or more application specific integrated
circuits (ASICs) and/or other 1Cs.

FIG. 3 illustrates a configuration of a wireless interface
300 including an envelope tracking (ET) power system 326
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for a radio frequency power amplifier 354. A transmit path
through components of the wireless interface 300 are shown.
Although not shown, a receive path may be implemented in
similar fashion with received signals bypassing the power
amplifier 354 (e.g., via a low-noise amplifier (LNA)) from
a radio frequency (RF) front end 330 to an RF transceiver
322.

A modem 320 coordinates with one of the base stations
130 and 132 (of FIG. 1) to establish and define parameters
of a communications link. For example, the modem 320 can
receive information 316 describing a communications mode,
physical broadcast channels, transmit bands, receive bands,
antenna configuration, link bandwidth, resource mapping,
and the like. Based on this information 316, the modem 320
configures other components of the wireless interface 300
for signal transmission and/or reception, such as the RF
transceiver 322, the power amplifier 354, and the RF front
end 330.

Generally, to transmit data, the modem 320 encodes the
data mto baseband signals 302 (BB signals 302). These BB
signals 302 are then modulated by the RF transceiver 322
with a carrier frequency to provide RF signals 304. Prior to
transmission, the power amplifier 354 amplifies the RF
signals 304, and the amplified signals 306 enter the RF front
end 330 for routing or band-specific filtering. An antenna
332 then radiates the amplified signals 306 as transmitted
signals 308, which are received by the base station 130 or
132 with which the communications link 1s established.

During amplification, the power amplifier 354 receives
power 310 from the ET power system 326, which 1s
described in more detail below. The ET power system 326
adjusts a voltage 312 at which the power 310 1s provided to
the power amplifier 354 such that the voltage 312 follows an
envelope 314 of the RF signals 304 being amplified.

FIG. 4 1llustrates a power stage of a tri-level converter 400
of a power amplifier (e.g., the power amplifier 354 of FIG.
3), according to aspects of the present disclosure. In some
implementations, the tri-level converter may be of an enve-
lope tracking system or other systems. The tri-level con-
verter 400 includes a high-side switch region 403 1n a
boosted power supply path and a low-side switch region 405
in a ground path. The tri-level converter 400 also includes a
battery power supply region 407 1n a battery power supply
path. Each of the high-side switch region 403, the low-side
switch region 405, and the battery power supply region 407
are coupled to a voltage switch VSW node 409. The power
amplifier (not shown) receives a tri-level power supply (e.g.,
switching states) of the tri-level converter 400 via an induc-
tor L.

The supply to the power amplifier 1s the voltage after the
inductor L. The voltage after the inductor 1s a filtered version
of the voltage at the voltage switch VSW node 409 and may
range from 0 to Vaux. The voltage (e.g., switch voltage
VSW) at the voltage switch VSW node 409 may include one
of three values. For example, the voltage at voltage switch
VSW node 409 may be 0 volts, Vbat, or Vaux (which 1s
usually 0, 4, 7).

The high-side switch region 403 includes a high-side
switch/transistor 423 and a {irst cascode transistor 421. In
one aspect of the disclosure, both the high-side transistor
423 and the first cascode transistor 421 are P-type metal
oxide semiconductor (PMOS) transistors. The high-side
transistor 423 includes a first terminal 457 coupled to an
auxiliary power supply source (e.g., that provides an auxil-
1ary voltage Vaux) and a second terminal 439 shared with
and coupling the high-side transistor 423 to the first cascode
transistor 421. The first cascode transistor 421 includes a
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second terminal 461, which 1s coupled to or 1s the same as
the voltage switch VSW node 409. The first cascode tran-
sistor 421 provides protection for the high-side transistor
423 against high voltage drop from the auxiliary power
supply source Vaux to the voltage switch VSW node 409. A
voltage swing 1n the boosted power supply path can be up to
cight volts. A gate 463 of the high-side transistor 423 is
driven by a third gate driver 419.

The low-side switch region 4035 includes a low-side
switch/transistor 4135 and a second cascode transistor 413. In
one aspect of the disclosure, both the low-side transistor 413
and the second cascode transistor 413 are N-type metal
oxide semiconductor (NMOS) transistors. The low-side
transistor 415 mcludes a first terminal 465 coupled to ground
451 and a second terminal 467 shared with and coupling the
low-side transistor 415 to the second cascode transistor 413.
The second cascode transistor 413 shares the second termi-
nal 461 (e.g., the voltage switch VSW node 409) with the
first cascode transistor 421. The second cascode transistor
413 provides protection for the low-side transistor 413
against a high voltage at the voltage switch VSW node 409.
A gate 469 of the low-side transistor 415 1s driven by a
fourth gate driver 417.

The tri-level converter 400 of the envelope tracking
system further includes a first decoupling capacitor 431 and
a second decoupling capacitor 433. For example, 1n a printed
circuit board (PCB) placement, the first decoupling capaci-
tor 431 1s between the auxiliary voltage supply source/node
and a battery power supply source/node (e.g., that generates
a battery voltage Vbat) while the second decoupling capaci-
tor 433 1s between the battery power supply node and ground
451.

The tri-level converter 400 further includes switches or
transistors to control a switching power supply (e.g., volt-
age) at an output of the power stage of the tri-level converter
400. For example, the transistors include a first power stage
transistor 439 (or first transistor) and a second power stage
transistor 441 (or second transistor). The first transistor 439
and the second transistor 441 are laid out in a back-to-back
configuration and respectively include a first body diode 427
and a second body diode 429 in the back-to-back configu-
ration. In one aspect, the first body diode 427 1s coupled
between a first terminal 470a (e.g., a source) and a second
terminal 472a (e.g., a drain) of the first transistor 439. The
second body diode 429 1s coupled between a first terminal
4700 (e.g., a dramn) and a second termuinal 4726 (e.g., a
source) ol the second transistor 441. The back-to-back
diodes protect against reverse polarity and ensures correct
operation of the voltage switch VSW node 409 by prevent-
ing wrong connections through forward body diodes.

For example, when only the NMOS or NFET body diode
1s specified and the voltage switch VSW node 409 1s at 0V,
then the NMOS body diode 1s forward biased, which causes
power to transier from Vbat to the voltage switch VSW node
409. This transfer of power pulls the voltage switch VSW
node 409 up to Vbat and away from 0V. To mitigate this
1ssue, the second transistor 441 and 1ts corresponding second
body diode 429 are included 1n a reverse bias configuration,
to prevent the transfer of power from Vbat to the voltage
switch VSW node 409 or to prevent Vbat from being
connected to the voltage switch VSW node 409.

For example, when only the PMOS or PFET body diode
1s specified and the voltage switch VSW node 409 1s at Vaux
(e.g., 8V), then the PFET diode 1s forward biased, which
causes power to transier from voltage switch VSW node 409
to Vbat. This transfer of power pulls the voltage switch
VSW node 409 down toward Vbat and away from Vaux. To
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mitigate this 1ssue, the first transistor 439 and its correspond-
ing first body diode 427 are included 1n a reverse bias
configuration, to prevent the transfer of power from the
voltage switch VSW node 409 to Vbat or to prevent Vbat
from being connected to the voltage switch VSW node 409.

In one aspect, the first transistor 439 includes an N-type
metal oxide semiconductor (NMOS) transistor and the sec-

ond transistor 441 includes a P-type metal oxide semicon-
ductor (PMOS). The inclusion of the NMOS transistor 1n the

back-to-back transistors reduces area of the tri-level con-
verter 400 and improves efliciency of the tri-level converter
400 because the NMOS transistor has a smaller area and
better efliciency. For example, the NMOS transistor has a
smaller area and a smaller gate capacitance, which translates
to smaller switching losses and improved efliciency.

In operation, the transistors (e.g., the first transistor 439
and the second transistor 441) of the tri-level converter 400
control the switching voltage at the output of the power stage
(e.g., at the voltage switch VSW node 409) and cause current
to flow from the battery power supply source, the auxiliary
voltage source or ground 451 1nto an inductor L. This current
1s then provided to a power amplifier (e.g., the power
amplifier 354 of FIG. 3) via the inductor L.

Aspects of the present disclosure are also directed to a
method of controlling the transistors (e.g., the first transistor
439 and the second transistor 441) in the battery power
supply path during switching of a voltage at the voltage
switch VSW node 409. The first transistor 439 and the
second transistor 441 may be controlled or driven by a first
gate driver 425a coupled to a first gate 435 of the first
transistor 439 and a second gate driver 4255 coupled to a
second gate 437 of the second transistor 441. For example,
the first transistor 439 1s switching and the second transistor
441 1s configured as a cascode transistor when the voltage
switch VSW node 409 switches from the battery voltage
Vbat to the auxiliary voltage Vaux. In this configuration, the
second transistor 441 1s always on to allow the switching
between the battery voltage and the auxiliary voltage Vaux.

The second transistor 441 1s switching and the first
transistor 439 1s configured as a cascode transistor when the
voltage switch VSW node 409 switches from ground 451 to
a battery voltage Vbat. In this configuration, the first tran-
sistor 439 1s always on to allow the switching between the
battery voltage and ground. The gate drivers (e.g., the first
gate driver 425q and the second gate driver 425b) are used
to reliably drive the first transistor 439 and the second
transistor 441. An example of a reliable gate driver for the
first transistor 439 and the second transistor 441 is 1llustrated
in FIG. S.

FIG. 5 illustrates a driver architecture 500 of multiple
transistors (e.g., the first transistor 439) 1n a supply path
(e.g., a battery voltage supply path), according to aspects of
the present disclosure. For 1llustrative purposes, some of the
labelling and numbering of the devices and features of FIG.
5 are similar to those of the FIG. 4.

The driver architecture 500 may include a gate driver 549
configured to reliably drive a first gate 435 of the first
transistor 439 when the voltage switch VSW node 409
transitions between ground 451 (e.g., zero volts) and a high
voltage (e.g., 7.7-8 volts). The gate driver 5349 ensures a full
rated gate-to-source voltage across the first transistor 439 as
well as a corresponding minimum on resistance. The gate
driver 549 may be similar to the first gate driver 423a.

The gate driver 549 includes a bottom rail path 5115 and
a reconfigurable top rail path 511a. The reconfigurable top
rail path 511a 1s reconfigured using internal regulators (e.g.,
a first class AB regulator or first internal regulator 543 and
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a second class AB regulator or second internal regulator
545) and a flying level shifter 347. For example, the recon-
figurable top rail path 511a i1s between the gate driver 549
(e.g., an internal driver) coupled to the first transistor 439
and a reconfigurable node or reconfigurable top rail connec-
tion. The bottom rail path 5115 of the gate driver 549 1s
coupled to an internal node 574 (or bottom rail connection)
of the power stage of the tri-level converter 400 that is
between the first transistor 439 and the second transistor
441. The internal node 574 switches between ground 451
and the battery voltage Vbat regardless of a state of the
tri-level converter 400.

The reconfigurable top rail path 511a switches between a
sum of a ground voltage and a predefined or internal voltage
Vint or a sum of the battery voltage Vbat and the predefined
voltage Vint. The predefined voltage Vint 1s a design param-
cter (e.g., a constant 2.5 volts) to ensure that the power
transistor (e.g., the first transistor 439 and/or the second
transistor 441) has a full gate-to-source rating to achieve
improved efliciency.

The drniver archutecture 500 1s configured to drive the first
transistor 439 to control power supply to the voltage switch
VSW node 409 through which an output of the tri-level
converter traverses. For example, an output 1s provided to
the power amplifier (not shown) through the voltage switch
VSW node 409 and the inductor L (shown 1n FIG. 4). In one
aspect, the auxiliary voltage Vaux, the battery voltage Vbat
and the ground voltage are combined to provide a supply to
the power amplifier that could take any value from ground
to the boosted supply or auxiliary voltage Vaux.

The reconfigurable node 569 1s selectively coupled to the
first 1nternal regulator 543 and the second internal regulator
545. For example, the first internal regulator 543 1s selec-
tively coupled to the reconfigurable node 569 by a first
switch S1. The second internal regulator 345 1s selectively
coupled to the reconfigurable node 569 by a second switch
S2. The first internal regulator 543 and the second internal
regulator 545 are controlled by an output of the switching,
states of the tri-level converter. The outputs of the switching
states include a battery supply signal, a boosted power
supply signal and a ground signal (e.g., a ground voltage).
For example, the first internal regulator 543 receives power
supply from the battery supply signal (e.g., a battery voltage
Vbat) and the boosted power supply signal (e.g., an auxiliary
voltage Vaux). The second internal regulator 545 receives
power supply from the battery supply signal and the ground
signal.

The first switch S1 and second switch S2 are controlled
based on switching states. For example, during high-switch-
ing (Vbat—Vaux), the first switch S1 1s always ON and the
second switch S2 1s always OFF. During low-switching
(gnd-Vbat) the first switch S1 1s ON and the second switch
S2 1s OFF when the voltage switch VSW node 409 1s at the
battery voltage Vbat. However, when the voltage switch
VSW node 409 1s at ground (e.g., ground 451), the second
switch S2 1s ON and the first switch S1 1s OFF.

The second internal regulator 545 1s configured to gen-
erate an internal voltage Vint and the first internal regulator
543 1s configured to generate a sum of the internal voltage
Vint and the battery voltage Vbat. The internal voltage Vint
1s a pre-defined voltage. The internal voltage Vint 1s a design
parameter to ensure the power transistors are driven with
mimmum on resistance (Ron) while being protected from
overvoltage across the transistors. The reconfigurable top
rail path 511a switches between the sum of the ground
voltage and the mternal voltage Vint or a sum of the battery
voltage Vbat and the internal voltage Vint. The predefined
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voltage 1s a design parameter (e.g., a constant 2.5 volts) to
ensure that the power transistor (e.g., the first transistor 439
or the second transistor 441) has a full gate-to-source rating
to achieve improved efliciency. For example, the predefined
voltage 1s designed to achieve an on resistance that 1s low
enough while avoiding a high voltage at the power transistor
that causes the transistor to burn out or become unrehable.

The sum of the ground voltage and the internal voltage
Vint and the sum of the battery voltage Vbat and the internal
voltage Vint are selectively provided to the reconfigurable
top rail path 511q from the first internal regulator 543 and
the second 1nternal regulator 545. For example, the selection
of the second internal regulator 545 to provide the sum of the
ground voltage and the internal voltage Vint may be per-
formed using a control device and a switch S2. Similarly, the
selection of the first internal regulator 543 to provide the
sum of the battery voltage Vbat and the internal voltage Vint
may be performed with the control device and another
switch S1. In one aspect of the disclosure, the first internal
regulator 543 and the second internal regulator 345 are
internal to an envelope tracking chip.

The flying level shifter 347 1s coupled to an input of the
internal driver 549. The flying level shifter 547 causes a
driving signal (Dry Signal) to the first transistor 439 to be
level shifted to a same level as a supply mput (e.g., rail-to-
rail voltage) to the internal driver 549 that 1s coupled to the
first gate 435 of the first transistor 439. The flying level
shifter 547 and the internal driver 549 are controlled by the
bottom rail path 5115 and the reconfigurable top rail path
51la.

FIG. 6 1llustrates another power stage of another tri-level
converter 600 of an envelope tracking system for a radio
frequency power amplifier, according to aspects of the
present disclosure. For illustrative purposes, some of the
labelling and numbering of the devices and features of FIG.
6 are similar to those of FIG. 4. In this aspect, the power
stage of the tri-level converter 600 includes a first transistor
639 and a second transistor 641 that are P-type metal oxide
semiconductor (PMOS) transistors. In this aspect, corre-
sponding back-to-back diodes 627 and 629 of the first and
second transistors 639 and 641 have a polanty that 1s
reversed relative to each other to prevent conduction through
the first body diode 627 and the second body diode 629
when the voltage switch VSW node 409 1s at ground and the
auxiliary voltage Vaux, respectively.

In some 1nstances, the body diodes (e.g., back-to-back
diodes 627 and 629) may be conducting while the transistors
(e.g., the first and second transistors 639 and 641) are not
conducting. In these 1nstances, the transistors may be inten-
tionally OFF. However, one of the body diodes may become
forward biased to a state that 1s undesirable for conduction.
A back-to-back configuration of the body diodes ensures at
least one of the body diodes 1s reverse biased to prevent
unwanted conduction.

The first transistor 639 1s shared between the boosted
power supply path and the supply path, instead of a separate
cascode transistor (e.g., the first cascode transistor 421)
allocated to the boosted power supply path (as illustrated 1n
FIG. 4). For example, the first transistor 639, the second
transistor 641, and a high-side transistor (e.g., the high-side
transistor 423) of the boosted power supply path share a
common node (e.g., the internal node 574). Sharing the first
transistor 639 1n the power stage of the tri-level converter
600 reduces area and increases efliciency, relative to the
tri-level converter 400. In this aspect, the first transistor 639
and the second transistor 641 share a same gate driver 625,
which 1s further described with respect to FIG. 7.
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The transistors turn ON/OFF 1n different states including
a high-side switching state and a low-side switching state.
For example, 1n the high-side switching state, the common
transistor (e.g., the first transistor 639) 1s always ON while
the second transistor 641 and the high-side transistor 423 are
switching to create a switching wavelform (between the
battery voltage Vbat and a swing voltage Vswing) at the
internal node 574. The switching 1s passed on (as 1s) to the
voltage switch VSW node 409 because the first transistor
639) 1s always ON while the low-side transistor 4135 1s
always OFF. In the low-side switching state, the high-side
transistor 423 1s always OFF and the second transistor 641
1s always ON to pass the battery voltage Vbat (as 1s) to the
internal node 574. The first transistor 639 and the low-side

transistor 415 are switching to create a switching waveform

(from the battery voltage Vbat to ground) at the voltage
switch VSW node 409.

FI1G. 7 illustrates another driver architecture 700 (e.g., the
gate driver 623) for back-to-back transistors and correspond-
ing back-to-back diodes 1n a battery voltage supply path of
the tri-level converter 600, according to aspects of the
present disclosure. For illustrative purposes, some of the
labelling and numbering of the devices and features of FIG.
7 are similar to those of FIGS. 4 and 6. The driver archi-
tecture 700 includes first and second bottom rail paths 7115
and 711d, respectively coupled between an output of an
internal regulator 7435 and a first internal dniver 749 and a
second internal driver 735. Thus, the internal regulator 745
generates the first and second bottom rail paths 7116 and
711d for the first internal driver 749 and the second internal
driver 755 of the dniver architecture 700. The {irst internal
driver 749 of the driver architecture 700 1s coupled to a gate
ol the first transistor 639 and drives the first transistor 639.
The second 1nternal driver 755 of the driver architecture 700
1s coupled to a gate of the second transistor 641 and drives
the second transistor 641.

The driver architecture 700 includes first and second top
rail paths 711a and 711¢ coupled to the internal node 574
(which could be a first terminal of the first transistor 639
and/or a first terminal of the second transistor 641). The
internal node 574 switches between the battery supply signal
and the boosted power supply signal. Power supply to the
internal regulator 743 1s based on or corresponds to a voltage
or power supply at the internal node 574. The voltage at the
internal node 574 may be the battery voltage Vbat or the
auxiliary voltage Vaux. The internal regulator 745 generates
an output that 1s less than its supply by a predefined voltage.
For example, the internal regulator subtracts the internal
voltage Vint from its supply to get the output.

The dniver architecture 700 further includes first and
second flying level shifters 747 and 733, respectively
coupled to the first internal driver 749 of the driver archi-
tecture 700 and the second internal driver 755 of the driver
architecture 700. The first and second flying level shifters
747 and 753 and the first and second internal drivers 749 and
755 are controlled by the first and second top rail paths 711a
and 711c¢ and the first and second bottom rail paths 7115 and
711d.

The flying level shifter 747 1s coupled to an mnput of the
first internal driver 749. The flying level shifter 747 causes
a driving signal (Dry Signal 2) to the first transistor 639 to
be level shifted to a same level as a supply mput (e.g.,
rail-to-rail voltage) to the first internal driver 749. The flying
level shifter 753 1s coupled to an input of the second internal
driver 755. The flying level shifter 753 causes a driving
signal (Dry Signal 1) to the second transistor 641 to be level
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shifted to a same level as a supply input (e.g., rail-to-rail
voltage) to the second internal driver 7585.

FIG. 8 depicts a simplified flowchart of a method 800 of
controlling back-to-back transistor-diode pairs in a supply
path (e.g., a battery supply path) of a tri-level converter of
an envelope tracking system. At block 802, a first transistor-
diode pair 1n the supply path of the tri-level converter
switches while an on-state of a second transistor-diode pair
in the supply path 1s maintained in accordance with a
low-side switching scheme to generate an output power
supply of the tri-level converter between ground and a
battery supply signal. At block 804, the second transistor-
diode pair switches while an on-state of the first transistor-
diode pair 1s maintamned in accordance with a high-side
switching scheme to generate an output power supply of the
tri-level converter between a boosted power supply signal
and the battery supply signal. A polarity of a second body
diode of the second transistor-diode pair 1s reversed relative
to a polarity of a first body diode of the first transistor-diode
pair.

According to one aspect of the present disclosure, a
tri-level converter of an envelope tracking system for a
power amplifier 1s described. The tri-level converter
includes means for driving the first transistor and the first
body diode. The first transistor and first body diode driving
means may, for example, be the first gate driver 425a, the
internal driver 549, the driver 625, and/or the first internal
driver 749. In another aspect, the aforementioned means
may be any module or any apparatus or material configured
to perform the functions recited by the aforementioned
means.

FIG. 9 15 a block diagram showing an exemplary wireless
communications system i1n which a configuration of the
disclosure may be advantageously employed. For purposes
of illustration, FIG. 9 shows three remote units 920, 930, and
950 and two base stations 940. It will be recognized that
wireless communications systems may have many more
remote units and base stations. Remote units 920, 930, and
950 include IC devices 925A, 925B, and 925C that include
the disclosed tri-level converter. It will be recognized that
other devices may also include the disclosed tri-level con-
verter, such as the base stations, switching devices, and
network equipment. FIG. 9 shows forward link signals 980
from the base station 940 to the remote units 920, 930, and
950 and reverse link signals 990 from the remote units 920,
930, and 950 to base station 940.

In FIG. 9, remote unit 920 1s shown as a mobile telephone,
remote unit 930 1s shown as a portable computer, and remote
umit 950 1s shown as a fixed location remote umt in a
wireless local loop system. For example, a remote unit may
be a mobile phone, a hand-held personal communications
systems (PCS) unit, a portable data unit such as a personal
digital assistant (PDA), a GPS enabled device, a navigation
device, a set top box, a music player, a video player, an
entertainment unit, a fixed location data unit such as a meter
reading equipment, or other communications device that
stores or retrieves data or computer instructions, or combi-
nations thereof. Although FIG. 9 illustrates remote units
according to the aspects of the disclosure, the disclosure 1s
not limited to these exemplary illustrated units. Aspects of
the disclosure may be suitably employed 1n many devices,
which include the tri-level converter.

For a firmware and/or soitware implementation, the meth-
odologies may be implemented with modules (e.g., proce-
dures, functions, and so on) that perform the functions
described herein. A machine-readable medium tangibly
embodying instructions may be used in implementing the
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methodologies described herein. For example, software
codes may be stored mm a memory and executed by a
processor unit. Memory may be implemented within the
processor unit or external to the processor unit. As used
herein, the term “memory” refers to types of long term, short
term, volatile, nonvolatile, or other memory and 1s not to be
limited to a particular type of memory or number of memo-
ries, or type of media upon which memory 1s stored.

If implemented 1n firmware and/or soitware, the functions
may be stored as one or more instructions or code on a
computer-readable medium. Examples include computer-
readable media encoded with a data structure and computer-
readable media encoded with a computer program. Com-
puter-readable media includes physical computer storage
media. A storage medium may be an available medium that
can be accessed by a computer. By way of example, and not
limitation, such computer-readable media can include RAM,
ROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or
other medium that can be used to store desired program code
in the form of instructions or data structures and that can be
accessed by a computer; disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital
versatile disc (DVD), floppy disk and Blu-ray disc where
disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the
above should also be included within the scope of computer-
readable media.

In addition to storage on computer-readable medium,
instructions and/or data may be provided as signals on
transmission media included 1 a communications appara-
tus. For example, a communications apparatus may include
a transceiver having signals indicative of instructions and
data. The instructions and data are configured to cause one
or more processors to implement the functions outlined 1n
the claims.

The wvarious 1illustrative logical blocks, modules, and
circuits described 1n connection with the disclosure herein
may be implemented or performed with a general-purpose
processor, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field programmable gate
array (FPGA) or other programmable logic device, discrete
gate or transistor logic, discrete hardware components, or
any combination thereof designed to perform the functions
described herein. A general-purpose processor may be a
microprocessor, but in the alternative, the processor may be
any conventional processor, controller, microcontroller, or
state machine. A processor may also be implemented as a
combination of computing devices, e.g., a combination of a
DSP and a microprocessor, multiple microprocessors, one or
more microprocessors i conjunction with a DSP core, or
any other such configuration.

Although the present disclosure and its advantages have
been described 1n detail, 1t should be understood that various
changes, substitutions, and alterations can be made herein
without departing from the technology of the disclosure as
defined by the appended claims. For example, relational
terms, such as “above” and “below’ are used with respect to
a substrate or electronic device. Of course, 1f the substrate or
electronic device 1s inverted, above becomes below, and vice
versa. Additionally, if oriented sideways, above and below
may refer to sides of a substrate or electronic device.
Moreover, the scope of the present application 1s not
intended to be limited to the particular configurations of the
process, machine, manufacture, and composition of matter,
means, methods, and steps described 1n the specification. As
one of ordinary skill in the art will readily appreciate from
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the disclosure, processes, machines, manufacture, composi-
tions of matter, means, methods, or steps, presently existing
or later to be developed that perform substantially the same
function or achieve substantially the same result as the
corresponding configurations described herein may be uti-
lized according to the present disclosure. Accordingly, the
appended claims are mtended to include within their scope
such processes, machines, manufacture, compositions of
matter, means, methods, or steps.

What 1s claimed 1s:

1. A tri-level converter comprising:

a first supply path coupled to a first supply, the first supply
path configured to receive a first supply signal, the first
supply path comprising:

a first transistor having a first terminal coupled to a
switching node of the tri-level converter and a first
body diode polarity with respect to a second terminal of
the first transistor;

a second transistor comprising a first terminal coupled to
the second terminal of the first transistor and a second
terminal coupled to the first supply of the tri-level
converter, the second transistor having a second body
diode polarity with respect to the second terminal of the
second transistor, the second body diode polarity being,
reversed relative to the first body diode polarity; and

a first driver configured to drive the first transistor to
control an output voltage at an output of the tri-level
converter, which 1s coupled to the switching node,

in which the first transistor 1s an N-type metal oxide
semiconductor (INMOS) transistor and the second tran-
sistor 1s a P-type metal oxide semiconductor (PMOS)
transistor.

2. The tri-level converter of claim 1, further comprising:

a second power supply path coupled to a second power
supply, the second power supply path configured to
receive a second power supply signal; and

a ground path coupled to the switching node.

3. The tri-level converter of claim 2, in which the second
power supply path comprises:

a high-side transistor, a first terminal of the high-side

transistor coupled to the second power supply; and

a first cascode transistor having a first terminal coupled to
a second terminal of the high-side transistor and a
second terminal coupled to the switching node.

4. The tri-level converter of claim 3, 1n which each of the
high-side transistor and the first cascode transistor comprise
a P-type metal oxide semiconductor transistor.

5. The tri-level converter of claim 2, 1n which the ground
path comprises:

a low-side transistor, a first terminal of the low-side

transistor coupled to a ground; and

a second cascode transistor having a first terminal coupled
to a second terminal of the low-side transistor and a
second terminal coupled to the switching node.

6. The tri-level converter of claim 5, in which each of the
low-side transistor and the second cascode transistor com-
prise an N-type metal oxide semiconductor transistor.

7. The tri-level converter of claim 1, further comprising:

a first decoupling capacitor between an auxiliary power
source and the first supply signal; and

a second decoupling capacitor between the first supply

signal and ground.
8. The tri-level converter of claim 1, in which the first

driver comprises:

a bottom rail connection coupled between the second
terminal of the first transistor and the first terminal of

the second transistor; and
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a reconfigurable top rail path coupled between a supply
node of an iternal driver of the first driver and a
reconiigurable node, an output of the internal driver
coupled to a gate of the first transistor.

9. The tri-level converter of claim 8, in which a first
internal regulator 1s configured to generate a pre-defined
voltage and a second mternal regulator 1s configured to
generate a sum of the pre-defined voltage and the first supply
signal.

10. The tri-level converter of claim 8, further comprising
a flying level shifter coupled to an internal driver, the flying
level shifter and the internal driver controlled by the bottom
rail connection and the reconfigurable top rail path, the
flying level shifter configured to level shift a drive signal to
the internal driver to a same level as the internal driver.

11. The tri-level converter of claam 1, in which the first
transistor and the second transistor are P-type metal oxide
semiconductor (PMOS) transistors.

12. The tri-level converter of claim 11, further compris-
ng:

a second power supply path coupled to a second power
supply, the second power supply path configured to
receive a second power supply signal; and

a ground path coupled to the switching node.

13. The tri-level converter of claim 12, in which the
second power supply path comprises a high-side transistor,
a first terminal of the high-side transistor coupled to the
second power supply, and a second terminal of the high-side
transistor coupled to the first terminal of the first transistor
and a first terminal of the second transistor.

14. The tri-level converter of claim 12, in which the
ground path comprises a low-side transistor, a first terminal
ol the low-side transistor coupled to a ground and a second
terminal of the low-side transistor coupled to a voltage
switch node.

15. The tri-level converter of claim 14, further comprising
a cascode transistor coupled between the second terminal of
the low-side transistor and the voltage switch node.

16. The tri-level converter of claim 11, 1n which the first
driver comprises:

first and second bottom rail paths, respectively coupled
between a first supply node of a first internal driver and
a first reconfigurable node, and a second supply node of
a second internal driver and a second reconfigurable
node; and

first and second top rail connections coupled between the
second terminal of the first transistor and the first
terminal of the second transistor.
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17. The tri-level converter of claim 16, further comprising
first and second flying level shifters, respectively coupled to
the first internal driver and the second internal driver.

18. A method of controlling back-to-back transistor-diode
pairs 1n a supply path of a tri-level converter, comprising;

switching a first transistor-diode pair 1n the supply path
while maintaining an on-state of a second transistor-
diode pair in the supply path i accordance with a
low-side switching scheme to generate an output power
supply of the tri-level converter between ground and a
supply signal of a battery; and

switching the second transistor-diode pair while main-
taining an on-state of the first transistor-diode pair 1n
accordance with a high-side switching scheme to gen-
crate an output power supply of the tri-level converter
between a boosted power supply signal and the supply
signal of the battery, a polarity of a second body diode
of the second transistor-diode pair 1s reversed relative
to a polarity of a first body diode of the first transistor-
diode parr,

in which the transistor of the first transistor-diode pair 1s
an N-type metal oxide semiconductor (NMOS) tran-
sistor and the transistor of second transistor-diode pair
1s a P-type metal oxide semiconductor (PMOS) tran-
s1stor.

19. A tri-level converter comprising;:

a first supply path coupled to a first supply, the first supply
path configured to receive a first supply signal, the first
supply path comprising:

a first transistor having a first terminal coupled to a
switching node of the tri-level converter and a first
body diode polarity with respect to a second terminal of
the first transistor:

a second transistor comprising a first terminal coupled to
the second terminal of the first transistor and a second
terminal coupled to the first supply of the ftri-level
converter, the second transistor having a second body
diode polarity with respect to the second terminal of the
second transistor, the second body diode polarity being
reversed relative to the first body diode polarity; and

means for driving the first transistor to control an output
voltage at an output of the tri-level converter, which 1s
coupled to the switching node,

in which the first transistor 1s an N-type metal oxide
semiconductor (INMOS) transistor and the second tran-
sistor 1s a P-type metal oxide semiconductor (PMOS)
transistor.
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